1. Introduction {#sec0005}
===============

Physical activity and mental activity are influenced by a variety of forms of perception. Nociception is one of the most important among them and has a major influence on daily human life. In the modern clinical field, pain symptoms caused by physical and mental disorders have become increasingly prevalent and can become a major problem. In general, when a painful stimulus is applied to peripheral tissues, the nociceptive input is transmitted via nerves to the spinal dorsal horn where they synapse with specific types of ascending neurons. This ascending neuronal pathway transports the nociceptive information via the contralateral funiculus to supraspinal structures. It is then transmitted through the thalamus to the cerebral cortex where it is finally recognized as a painful sensation.

In addition to the ascending nociceptive pathway, there are also some descending pathways related to pain management ([@bib0130]; [@bib0135]). These pathways regulate nociceptive inflow and are known collectively as the descending antinociceptive system (DAS). Two of the primary neurotransmitters responsible for modulating the nociceptive input are noradrenalin (NA) and serotonin (5-HT) ([@bib0030]; [@bib0095]; [@bib0100]) which are considered major components of the DAS ([@bib0145]; [@bib0240]). The circuit consisting of the locus coeruleus (LC) and the spinal dorsal horn includes the noradrenergic system, and the circuit consisting of the periaqueductal gray (PAG), rostral ventromedial medulla (RVM), and the spinal dorsal horn includes the serotonergic system. Descending noradrenergic and serotonergic terminals are distributed in the spinal dorsal horn ([@bib0245]) and are important for transmission and control of nociceptive signals ([@bib0135]). Noxious peripheral nociceptive stimulus has been shown to induce an increase in NA within the spinal dorsal horn ([@bib0210]) and LC ([@bib0185]). It also increases 5-HT within the spinal dorsal horn ([@bib0230]; [@bib0200]), and causes activity in RVM 5-HT neurons in anesthetized animals ([@bib0040]; [@bib0235]). In addition, activation of LC NA neurons increases NA in the spinal cord and exhibits antinociceptive effects ([@bib0070]; [@bib0075]; [@bib0175]). Antinociceptive effects result from direct stimulation of the RVM ([@bib0020]; [@bib0120]) and direct stimulation of the PAG ([@bib0055]; [@bib0180]) as well.

These findings indicate that NA neurons in the LC and 5-HT neurons in the RVM play a critical role in controlling the DAS. However, there is no report describing the neuronal responses to nociceptive stimulus with a time resolution of seconds in awake animals. In the present study, we used a fiber photometry system ([@bib0065]; [@bib0140]), which can evaluate specific neuronal activity in real time without anesthesia, to evaluate whether the results will be similar in awake animals to those obtained from anesthetized animals.

In addition to NA neurons in the LC and 5-HT neurons in the RVM, we also focused on 5-HT neurons in the dorsal raphe (DR) because it is one of the major sources of the serotonergic system in the brain. Most 5-HT neurons in the DR have ascending projections rather than descending projections, and they project to the thalamus that modulates nociception ([@bib0015]). Also, the DR receives projections from NA neurons in the LC and is thus involved in cognition and mood modulation ([@bib0050]; [@bib0115]). Both the DAS and the DR are believed to be involved in pain-emotion symptoms ([@bib0010]; [@bib0025]; [@bib0050]; [@bib0115]; [@bib0170]; [@bib0190]; [@bib0250]). Therefore, we considered it meaningful to evaluate the activity of DR 5-HT neurons along with those of LC NA neurons and RVM 5-HT neurons when acute nociceptive stimulation is applied. In this study, we exposed awake mice to acute nociceptive stimuli and examined the activity of LC NA neurons and RVM/DR 5-HT neurons under real time conditions by utilizing a fiber photometry system.

2. Materials and methods {#sec0010}
========================

2.1. Ethical approval {#sec0015}
---------------------

All experimental procedures were carried out in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Use Committee of Kagoshima University (MD15075, MD17105).

2.2. Animals {#sec0020}
------------

Transgenic mice carrying a tetracycline-controlled transactivator transgene (tTA) under the control of either a dopamine β-hydroxylase (DBH) promoter (n = 27) or a tryptophan hydroxylase-2 (TPH2) promoter (n = 35) ([Fig. 1](#fig0005){ref-type="fig"}A) ([@bib0080]; [@bib0155]) were used.Fig. 1The recording of the activity of LC NA neurons and RVM/DR 5-HT neurons with the fiber photometry system.(A) Development of DBH- and TPH2-specfiic expression of G-CaMP6 using the tTA/tetO system. (B) AAV injection into LC, RVM and DR regions. (C) Schema of apparatus for the fiber photometry system.Fig. 1

DBH-tTA BAC transgenic mice were generated by transferring the mouse BAC DNA (clone RP23-112F24) into the SW105 *Escherichia coli* strain (a kind gift from Dr. Neal Copeland, NCI, USA). A cassette containing mammalianized tTA-SV40 polyadenylation signal-FRT-Neo-FRT ([@bib0085]) was inserted into the translation initiation site of the DBH gene using BAC recombination. The FRT-flanking Neo selection marker was removed using FRT-flippase-mediated recombination in SW105 cells. Modified BAC DNA was linearized by PI-SceI enzyme digestion (NEB, USA) and injected into fertilized eggs from CBA/C57BL6 mice.

To check specificity of tTA expression, we crossed DBH-tTA mouse with a reporter mouse which have tetO-GCaMP6 knockin sequence in the downstream region of beta actin gene (B6;129-Actb \< tm3.1(tetO-GCaMP6)Kftnk\>, RBRC09552, RIKEN Bioresource Research Center, Tsukuba, Japan) ([@bib0205]). Specificity of TPH2-tTA expression has been reported elsewhere ([@bib0080]).

Ten to fourteen week old male mice were used in this experiment. Mice were maintained in the laboratory at the standard conditions, which included a 12/12-hr cycle (lights on at 7:00 AM and off at 7:00 PM), a temperature of 24 ± 1 °C, and food and water *ad libitum*. Efforts were made to minimize animal suffering and to reduce the number of animals used.

2.3. Stereotaxic AAV injection {#sec0025}
------------------------------

AAV vectors were produced using the AAV Helper-Free system (Agilent Technologies, Inc., Santa Clara, CA, USA) and purified as described previously ([@bib0065]; [@bib0090]; [@bib0140]) ([Fig. 1](#fig0005){ref-type="fig"}A). Surgeries for AAV injections were performed under 2--3% isoflurane anesthesia using a stereotaxic instrument (ST-7, Narishige, Tokyo, Japan). AAV-TetO(3 G)-G-CaMP6 (Serotype:DJ; 1 μl/injection, 4 × 10^13^ copies/ml) ([@bib0150]) was slowly taken up into a glass microtube (1B150F-3, World Precision Instruments, Inc., Sarasota, FL, USA), which was connected to a nitrogen pressure source through polyethylene tubing and to an injection manipulator (I-200 J, Narishige) ([Fig. 1](#fig0005){ref-type="fig"}B). AAV was unilaterally injected into the LC region in DBH-tTA mice (n = 18) and the RVM or DR region in TPH2-tTA mice (n = 16 for each region). Injection sites were as follows: LC: -5.35 mm from bregma, lateral +1.28 mm, ventral -3.65 mm from the surface of the brain; RVM: -5.64 mm from bregma, lateral 0.0 mm on the midline, ventral -5.30 mm from the surface of the brain; DR: -4.20 mm from bregma, lateral 0.0 mm on the midline, ventral -3.00 mm from the surface of the cranium. After AAV injection, the microtube was left in place for ten minutes before being slowly withdrawn. Experiments were carried out after at least fourteen days (two weeks) because it takes approximately that long for G-CaMP6 to fully express.

In an additional experiment (we call this as experiment-2 in this manuscript) to confirm that observed changes in fluorescence was actually from a change in calcium but not from artifact, we injected AAV-TetO(3 G)-mCherry together with AAV-TetO(3 G)-G-CaMP6 ([@bib0065]) into the LC region in DBH-tTA mice (n = 3) and the RVM or DR region in TPH2-tTA mice (n = 3 for each region). Fluorescence of mCherry is not affected by neuronal activity and thus can be used as an indicator of total stability of the fiber photometry system.

2.4. Immunohistochemistry {#sec0030}
-------------------------

Mice (n = 8 for LC region in DBH-tTA mice and n = 6 for RVM or DR region in TPH2-tTA mice) were transcardially perfused with 20 ml of phosphate-buffered saline (PBS) and 20 ml of 4% paraformaldehyde (PFA) solution under anesthesia with urethane (1.6 g/kg, ip) at least two weeks post AAV injection. The brain was removed and post-fixed with 4% PFA and immersed in 30% sucrose in PBS for two days. We produced serial 30 μm coronal sections with a cryostat (Cryotome FSE, Thermo Scientific, Yokohama, Japan) and every 4th section was used for immunostaining. The brain sections were immersed in blocking solution (1% normal horse serum and 0.3% Triton-X in 0.01 M PBS) for one hour at room temperature. The sections were then incubated with primary antibodies overnight. Primary antibodies were diluted in blocking solution and the conditions were as follows: LC: anti-Tyrosine Hydroxylase rabbit antibody (AB152, EMD Millipore Corp., Temecula, CA, USA) at 1:500; RVM/DR: anti-Tryptophan Hydroxylase sheep antibody (AB1541, EMD Millipore Corp.) at 1:1000. The following day, the sections were washed with PBS three times and then incubated with secondary antibodies at room temperature for two hours. Secondary antibodies were also diluted in blocking solution and the conditions were as follows: LC: CF568-conjugated anti-rabbit antibody raised in donkey (20015, Biotium Inc., Hayward, CA, USA) at 1:200; RVM/DR: CF568-conjugated anti-sheep antibody raised in donkey (20095, Biotium, Inc.) at 1:200. After secondary incubation, the sections were washed once and mounted upon microscope slides (PRO-02, Matsunami, Osaka, Japan) and covered with a micro cover glass (C024601, Matsunami). We observed the sections with a fluorescence microscope (BZ-X700, Keyence, Osaka, Japan), and created the images with Adobe Photoshop CC (Adobe Systems, Inc., San Jose, CA, USA). G-CaMP6 was identified by its own fluorescence.

2.5. In vivo fiber photometry system {#sec0035}
------------------------------------

A fiber photometry system previously developed in our lab ([@bib0065]; [@bib0090]; [@bib0140]) ([Fig. 1](#fig0005){ref-type="fig"}C) was used. In short, blue excitation light (470 nm, 0.5 mW at the tip of the silica fiber) is produced by a high-power LED driver (LEDD1B/M470F3, Thorlabs, Inc., Newton, NJ, USA) which then passes through an excitation bandpass filter (472 ± 35 nm) and is reflected by dichroic mirror-1 and into a single silica fiber (diameter: 400 μm). The green fluorescent signal of G-CaMP6 is detected and collected through the same fiber. The signal passes back through dichroic mirror-1, is reflected by dichroic mirror-2, goes through the bandpass emission filter (525 ± 25 nm), and is guided to a photomultiplier tube (PMT) (PMTH-S1-1P28, Zolix Instruments, Beijing, China). In the additional experiment using both G-CaMP and mCherry, an additional excitation (590 nm) and emission (641 ± 75 nm) system was attached for detection of mCherry fluorescence, which is not affected by neuronal activity and thus can be used as an indicator of total stability of the fiber photometry system ([@bib0065]). The resulting signal was digitized by an A/D converter (PowerLab8/35, ADInstruments, Inc., Dunedin, New Zealand) at 1 kHz and recorded with Labchart version-7 software (ADInstruments, Inc.).

2.6. Procedure of recoding of neuronal activity {#sec0040}
-----------------------------------------------

At least two weeks following viral injection, a silica fiber was surgically implanted into the mouse's brain under 2--3% isoflurane anesthesia in order to record the activity of LC NA neurons or RVM/DR 5-HT neurons. The animal's head was fixed in the stereotaxic instrument (ST-7, Narishige, Tokyo, Japan) with an aid of supportive ear bar (EB-6, Narishige) of which touching surfaces to the animal were covered with local anesthetic jelly (lidocain, 2% Xylocaine, AstraZeneca). The optic fiber was slowly moved to the place just above LC (from bregma -5.35 mm, lateral +1.28 mm, ventral -3.65 mm from the surface of the brain), RVM (from bregma -5.64 mm, lateral 0.0 mm, ventral -5.30 mm from the surface of the brain), and DR (from bregma -4.20 mm, lateral 0.0 mm, ventral -3.00 mm from the surface of the cranium). Fluorescence signal was continuously monitored during fiber implantation so that optimal position of the fiber tip was easily recognized by abrupt increase of the output signal ([Fig. 2](#fig0010){ref-type="fig"}B). When output signal no further increased and was stable for more than 20 s, the tip was fixed at the position. After the fiber was fixed to the skull on its optimal position, inhalation anesthesia was discontinued and the animal was allowed to recover from anesthesia for three hours followed by recording session of less than one hour. The mice were split into experimental groups ([Fig. 2](#fig0010){ref-type="fig"}A, upper) and control groups ([Fig. 2](#fig0010){ref-type="fig"}A, lower) so that every area of interest (LC, RVM, and DR) was examined in 5 experimental mice and 5 control mice.Fig. 2Recording Procedure.(A) Fiber implantation was carried out under isoflurane anesthesia and recording started after mice awoke from anesthesia. The time interval between the two stimuli was set at 30 min to reduce the effects of previous stimulus (upper: Experimental group; lower: Control group). (B) Optimal location of the optic fiber was confirmed by abrupt increase of fluorescence intensity during implantation procedure. Typical trace in LC neurons was shown. We applied two acute nociceptive stimuli to mice in the experimental group (C, D) and two acute control stimuli to mice in the control group (D, E). (C) Mechanical tail pinch stimulus of with a force of 400 g was carried out for 3 s. (D) Heat stimulus at 55 °C or low temperature heat stimulus at 25 °C was carried out for 3 s. (E) Gentle touch test was carried out by touching the root of the tail with a cotton stick for 3 s.Fig. 2

In the experimental group, two nociceptive stimuli were applied in order: a mechanical tail pinch stimulus with a force of 400 g ([Fig. 2](#fig0010){ref-type="fig"}C) and heat stimulus at a temperature of 55 °C ([Fig. 2](#fig0010){ref-type="fig"}D). To reduce the effects of the previous stimulus, the inter-stimulus interval was set at 30 min. A pinch meter (PM-201, Soshin-Medic, Chiba, Japan) was used for the mechanical tail pinch stimulus. The apparatus was attached to the root of the tail for three seconds with a force of 400 g. A heating probe (5R7-570, Oven Industries, Inc., Mechanicsburg, PA, USA) was used and set at 55 °C for the heat stimulus. The apparatus was attached to the root of the tail for three seconds. In the control group, two noninvasive stimuli were applied in order: gentle touching ([Fig. 2](#fig0010){ref-type="fig"}E) and low temperature heat stimulus set at 25 °C ([Fig.2](#fig0010){ref-type="fig"}D). The inter-stimulus interval was again set at 30 min in order to match the experimental group. A cotton stick was used for the gentle touch test and the same heating probe (5R7-570) was used for the low temperature heat stimulus.

In the additional experiment using both G-CaMP and mCherry, we also examined LC, RVM, and DR in 3 mice per site. In this case, each mouse received four stimulations in the following order: gentle touching, low temperature heat, tail pinch, and high temperature heat.

The neuronal activity characteristic index in this experiment was defined as follows: F: averaged fluorescent signal intensity during the three seconds before stimulus and defined as 100%; ΔF: maximum value of fluorescent signal intensity during each stimulus subtracted by F; onset latency: time duration from start of stimulus to the time when fluorescence signal intensity exceeded the maximum value during the baseline period; peak latency: time duration from start of stimulus to the maximum signal intensity resulting from the stimulus; return to base line time: time duration for peak signal to return to the base line value.

2.7. Statistical analysis {#sec0045}
-------------------------

Data are expressed as mean ± standard error of the mean (SEM). Cell numbers in the immunohistochemical examination were counted in two coronal sections from one mouse and average value was used as the value for the animal. Statistical analysis was performed using GraphPad Prism version 7 (GraphPad software, San Diego, CA, USA). In the fiber photometry study, maximum fluorescence signal intensity during the observation period of 30-s was compared with those during the baseline period of 3-s preceding the start of stimulation using paired *t*-test. Time characteristics of the neuronal responses (onset latency, etc., see chapter 2.6) are compared between pinch trial and high heat trial using paired *t-*test. Values of *p* \<  0.05 were considered statistically significant.

3. Results {#sec0050}
==========

3.1. Restricted expression of DBH-tTA {#sec0055}
-------------------------------------

DBH promoter regulated t-TA expression in the brain was examined by crossing DBH-tTA mouse with a reporter mouse, tetO-GCaMP6 knockin moue ([Fig. 3](#fig0015){ref-type="fig"}). Anti TH staining revealed noradrenergic neurons in the nucleus of solitary tract ([Fig. 3](#fig0015){ref-type="fig"}A) and in the locus coeruleus ([Fig. 3](#fig0015){ref-type="fig"}C and C'), adrenergic neurons in the rostral ventrolateral medulla ([Fig. 3](#fig0015){ref-type="fig"}B and B'), and dopaminergic neurons in the ventral tegmental area and the substantia nigra ([Fig. 3](#fig0015){ref-type="fig"}D). Of these, only noradrenergic and adrenergic neurons but not dopaminergic neurons showed co-expression of Tet system-driven green fluorescence. Therefore, restricted expression of DBH-tTA was confirmed as expected.Fig. 3Restricted expression of DBH-tTA.Dopamine β-hydroxylase (DBH) promoter regulated t-TA expression in the brain was examined by crossing DBH-tTA mouse with a reporter mouse, tetO-GCaMP6 knockin moue. Anti tyrosine hydroxylase staining (red) revealed noradrenergic (A, nucleus of solitary tract and C, locus coeruleus), adrenergic (B, rostral ventrolateral medulla), and dopaminergic neurons (D, ventral tegmental area and substantia nigra). Of these, only noradrenergic and adrenergic neurons but not dopaminergic neurons showed co-expression of Tet system-driven green fluorescence. B' and C' are higher magnification of the areas designated in rectangles in B and C, respectively. Photographs indicate the representative results from a mouse. Similar results were obtained in three mice. Calibration bars are 500 μm in A--D and 100 μm in B' and C'.Fig. 3

3.2. Restricted expression of AAV vector driven G-CaMP6 {#sec0060}
-------------------------------------------------------

Restricted expression of G-CaMP6 was confirmed in LC NA neurons and RVM/DR 5-HT neurons ([Fig. 4](#fig0020){ref-type="fig"}). Namely, most of the GFP-positive cells in LC (47.1 ± 3.9, n = 8 animals) were also TH-positive (43.6 ± 3.9, 93%), most of the GFP-positive cells in RVM (26.5 ± 2.6, n = 6 animals) were also TPH-positive (25.4 ± 2.3, 96%), and most of the GFP-positive cells in DR (43.9 ± 4.6, n = 6 animals) were also TPH-positive (39.7 ± 3.7, 90%). The penetration rate (GFP and TH/TPH double positive cells out of all TH/TPH cells) in each nucleus was moderate (60˜80%) but ectopic expression of GFP outside of the nucleus was few (4˜6%). Thus, fluorescence signal from G-CaMP6 seemed to reflect the activity of the majority of NA neurons in the LC and the majority of 5-HT neurons in the RVM/DR.Fig. 4Confirmation of G-CaMP6 expression in LC and RVM/DR neurons.Specific expression of G-CaMP6 was confirmed in LC NA neurons and RVM/DR 5-HT neurons. Almost all of the G-CaMP6 expression overlapped with DBH immunoreactivity or TPH immunoreactivity, and ectopic expression was rarely observed.Fig. 4

3.3. Effect of each stimulus on G-CaMP6 fluorescence {#sec0065}
----------------------------------------------------

Fluctuation of G-CaMP6 fluorescence intensity during the baseline period was 2.09 ± 0.07% (LC), 2.26 ± 0.04% (RVM), and 2.61 ± 0.16% (DR) (values were calculated from 20 tests in 10 mice per group).

G-CaMP6 fluorescence intensity in LC NA neurons increased above the range of basal fluctuation as soon as acute nociceptive stimuli were applied ([Fig.5](#fig0025){ref-type="fig"}), reached a peak point, and then rapidly returned to the baseline. In the tail pinch test, maximum signal intensity (ΔF/F) during the observation period was 12.4 ± 2.8%, which was significantly larger (p = 0.01, paired *t*-test in 5 mice) than that during the preceding baseline period (2.1 ± 0.2%). In the heat test, in a similar manner, the maximum signal intensity (10.6 ± 2.5%) was significantly larger than that during the preceding baseline period (1.9 ± 0.3%, p = 0.02). On the other hand, gentle touch (2.8 ± 0.2%) or low heat stimulus (2.6 ± 0.2%) did not cause significant change in the fluorescence intensity ([Fig. 6](#fig0030){ref-type="fig"}A). These values were close to those of spontaneous fluctuation during the baseline period (2.1--2.6%, see above), indicating neuronal activation occurred due to the nociceptive stimuli.Fig. 5G-CaMP6 fluorescent signals in LC and RVM/DR neurons in mice exposed to acute nociceptive stimuli.G-CaMP6 signals increased soon after acute nociceptive stimuli (A: tail pinch stimulus with a force of 400 g; B: heat stimulus at 55 °C). In contrast, G-CaMP6 signals were mostly unchanged by control stimuli (C: gentle touching; D: low temperature heat stimulus at 25 °C). Graphs are averaged traces of fluorescent signals (n = 5).Fig. 5Fig. 6The changes of GCaMP6 and mCherry fluorescence signals in LC and RVM/DR neurons.Response magnitude in the GCaMP6 fluorescence was summarized for LC neurons (A, D), RVM neurons (B, E), and DR neurons (C, F) in experiment-1 (only G-CaMP experiment, A--C) and experiment-2 (both G-CaMP6 and mCherry were used, D--F). Nociceptive stimuli of tail pinch (Pinch) and high heat (55 °C) increased G-CaMP6 fluorescence in both experiments while gentle touch to the tail (Gentle) and low heat (25 °C) stimuli did not induce significant changes in fluorescence signal intensity. Fluorescence of mCherry did not change in response to nociceptive nor control stimuli (G--I). P values were calculated using paired *t-*test between maximum signal intensity after the stimulation and that during baseline period. \* indicates p \< 0.05. Values are mean ± SEM for 5 animals in experiment-1 and 3 animals in experiment-2.Fig. 6

G-CaMP6 fluorescence intensity in RVM/DR 5-HT neurons increased over the range of basal fluctuation directly after acute nociceptive stimulation ([Fig. 5](#fig0025){ref-type="fig"} and 6B, C), reached a peak point (12.4 ± 2.5%, p = 0.01 in RVM-pinch; 9.1 ± 2.5%, p = 0.04 RVM-heat; 5.3 ± 0.4%, p \< 0.001 in DR-pinch; and 5.1 ± 1.0%, p = 0.02 in DR-heat) and then rapidly returned to baseline, similar to LC NA neurons. Maximum signal intensities during the two acute nociceptive stimulations were significantly greater than those of the baseline fluctuation and those during control stimuli were not ([Fig. 6](#fig0030){ref-type="fig"}B, C), indicating neuronal activation was induced due to the stimuli.

In the additional experiment using G-CaMP6 and mCherry (experiment-2), basically similar results were obtained ([Fig. 6](#fig0030){ref-type="fig"}D-I). Namely, G-CaMP6 fluorescence increased only after tail pinch (5.1--10.4%) or high heat (6.9--17.7%) and not after gentle touch or low heat (1.3--2.3%) in LC, RVM, and DR ([Fig. 6](#fig0030){ref-type="fig"}D--F). In addition, mCherry fluorescence did not change even after tail pinch or high heat (0.7--1.6%, [Fig. 6](#fig0030){ref-type="fig"}G-I), indicating that observed change in G-CaMP6 fluorescence was actually reflected a change in neuronal activity but not from artifacts.

Since we had similar results in experiment-1 (G-CaMP6 only) and experiment-2 (G-CaMP6 and mCherry), we mixed up the data to improve statistical power for analyzing signal intensity and timing (onset latency, peak latency, and return to baseline time) ([Fig. 7](#fig0035){ref-type="fig"}). In all the three nuclei tested, nociceptive stimuli of tail pinch (5.2--11.7%) and high heat (5.8--12.3%) but not control stimuli of gentle touching (2.0--2.2%) and low heat (2.1--2.5%) significantly increased G-CaMP6 fluorescence ([Fig. 7](#fig0035){ref-type="fig"}A--C). Onset latency to heat stimulus (0.7 ± 0.1 s in LC, 1.8 ± 1.0 s in RVM, and 3.7 ± 1.1 s in DR) tended to be longer than that to pinch stimulus (0.4 ± 0.2 s in LC, 0.5 ± 0.1 s in RVM, and 1.1 ± 0.3 s in DR) ([Fig. 7](#fig0035){ref-type="fig"}, middle left column). In addition, peak latency to heat stimulus was significantly longer in LC (3.5 ± 0.7 s in heat and 1.9 ± 0.3 s in pinch, p = 0.02) and DR (7.6 ± 1.3 s in heat and 2.3 ± 0.4 s in pinch, p = 0.01) and tended to be longer in RVM (5.2 ± 1.8 s in heat and 2.4 ± 0.5 s in pinch, p = 0.13) ([Fig. 7](#fig0035){ref-type="fig"}, second to right column). The result indicated that the heat stimulus caused a relatively slow response when compared to the pinch stimulus. The return to baseline time was similar between heat stimulus and pinch stimulus ([Fig. 7](#fig0035){ref-type="fig"}, right column), showing clear contrast to the difference in rising phase. Thus the temporal response pattern seemed to be dependent on the stimulus used (pinch vs. heat).Fig. 7The changes of the activity of LC NA neurons and RVM/DR 5-HT neurons by acute nociceptive stimuli.Response magnitude (leftmost column) and time-related characteristics (2nd column: onset latency; 3rd column: peak latency; rightmost column: return to baseline time) in the responses of LC NA neurons (A), RVM 5-HT neurons (B), and DR 5-HT neurons (C). Gentle touch to the tail (Gentle) and low heat (25 °C) stimuli did not induce significant changes in fluorescence signal intensity. Therefore, time-related characteristics in the responses were calculated only for tail pinch and high heat (55 °C) stimuli. P values in the figures in the leftmost column were calculated using paired *t-*test between maximum signal intensity after the stimulation and that during baseline period. P values in the figures in the right three columns were calculated using paired *t-*test between pinch stimulus and high heat stimulus. \* indicates p \< 0.05. Values are mean ± SEM in 8 animals.Fig. 7

4. Discussion {#sec0070}
=============

In this study, we examined whether acute nociceptive stimuli affected the activity of LC NA neurons, RVM 5-HT neurons, and DR 5-HT neurons in awake mice using a fiber photometry system. The present results indicate that acute nociceptive stimuli rapidly increase the activity of all of the examined neuronal groups.

Activation of LC NA neurons in response to nociceptive stimuli has already been shown through studies using microdialysis ([@bib0185]; [@bib0220]), a study performing histology with the cellular activation marker c-Fos ([@bib0195]) and, studies using electrophysiological recording combined with cell-type identification by physiological characteristics of the neuron such as spike shape and spontaneous firing rate in anesthetized animals ([@bib0005]; [@bib0035]). Through our use of fiber photometry, we have provided the first evidence showing the activation is immediate and occurs in a time range of seconds in awake mice.

Immediate activation of RVM 5-HT neurons in response to nociceptive stimuli has also already been shown, but only in anesthetized animals ([@bib0235]; [@bib0040]). It has also been shown that nociceptive stimuli increase 5-HT concentration in the spinal dorsal horn ([@bib0200]; [@bib0230]). Our results in awake mice are in line with these observations.

The DR is one of the main origins of the nuclei that make up the serotonergic system. It is located in the ventral periaqueductal gray matter, and mainly forms ascending serotonergic pathways. As mentioned above, there are many studies examining the nociceptive system in regards to LC NA neurons and RVM 5-HT neurons, but it remains unclear how DR 5-HT neurons responded to acute nociceptive stimuli. Our results show, for the first time, direct evidence of the immediate activation of DR 5-HT neurons in response to nociceptive stimuli. Although most DR 5-HT neurons project to supr A-D R structures, some of them project to the RVM ([@bib0045]; [@bib0105]). Our results give potential evidence of a possible activation of a DR-RVM 5-HT neuronal pathway, and may merit further investigation in the future.

In the clinical field, serotonin noradrenalin reuptake inhibitor (SNRI) drugs are FDA-approved drugs that are used to target the DAS in order to treat pain symptoms ([@bib0060]; [@bib0225]). SNRI drugs have a mechanism of action that increases synaptic NA and 5-HT concentrations. Some researchers have indicated that the RVM is related to neuropathic pain ([@bib0165]) and chronic pain ([@bib0110]; [@bib0160]). Unfortunately, there is scarce evidence available regarding possible DR involvement in pain modulation induced by SNRI treatment.

Although we have successfully shown that acute nociceptive stimuli causes an increase in the activities of LC NA neurons and RVM/DR 5-HT neurons, there are some limitations to this study. First, we focused on the nuclei (the LC and RVM/DR) in the brainstem, but not on areas to which they project, such as amygdala, hippocampus, prefrontal cortex and spinal dorsal horn (target site of the DAS) ([@bib0125]; [@bib0215]). Measurement of activity in the target sites may need to be addressed in the future. Second, this study only explored acute stimuli. In the future, a study also examining chronic stimuli may be of interest. Third, time-resolution of fiber photometry system (˜sec) is not so high as conventional electrophysiological method (˜msec). Fiber photometry measures activity of ensemble average of the labeled neurons but not single unit activity. We should extend our research using combination of advantages of multiple methodologies.

In conclusion, acute nociceptive stimuli rapidly increased the activity of LC NA neurons and RVM/DR 5-HT neurons. These findings indicate that LC NA neurons and RVM/DR 5-HT neurons may be a therapeutic target for pain treatment. The fiber photometry system could prove to be a useful tool for evaluating the real time activity of neurons in response to nociceptive stimuli and also how that activity is modulated by certain drugs.
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